Genotyping provides the opportunity to better understand tuberculosis (TB) transmission. We utilized strain typing data to assess trends in the proportion of clustering and identify the characteristics of individuals and clusters associated with recent United Kingdom (UK) transmission. In this retrospective cohort analysis, we included all culture-confirmed strain-typed TB notifications from the UK between 2010 and 2015 to estimate the proportion of patients that clustered over time. We explored the characteristics of patients in a cluster using multivariable logistic regression. Overall, 58.5% of TB patients were concentrated in 2,701 clusters. The proportion of patients in a cluster decreased between 2010 (58.7%) and 2015 (55.3%) (P = 0.001). Being a clustered patient was associated with being male and UK-born, having pulmonary disease, having a previous TB diagnosis, and having a history of drug misuse or imprisonment. Our results suggest that TB transmission in the UK decreased between 2010 and 2015, during which time TB incidence also decreased. Targeted cluster investigation and extended contact tracing should be aimed at persons at risk of being in a transmission chain, including UK-born individuals with social risk factors in clusters with a high proportion of patients having pulmonary disease.
Advances in genotyping methods and their application to the molecular epidemiology of infectious diseases, including tuberculosis (TB), have enabled utilization of outputs by public health experts. TB is a complex disease, requiring multifaceted control methods. One aim of control strategies is to decrease transmission, and many high-resource countries have now incorporated genotyping methods to achieve this (1) (2) (3) (4) (5) (6) (7) (8) .
In response to increasing TB incidence in the United Kingdom (UK) during the early 2000s (5) , improvements in TB control were recommended (9) , including the incorporation of genotyping into surveillance. In 2010, prospective routine typing of TB isolates using 24-locus mycobacterial interspersed repetitive unit-variable number tandem repeats (MIRU-VNTR) was established. This identified clustered patients with culturepositive TB isolates with indistinguishable MIRU-VNTR profiles, which may reflect individuals being part of a transmission chain. Culture confirmation in the UK has been stable since this time at around 60%, while coverage of genotyping has fluctuated over time (between 70% and 88%) and by geographical region (between 67% and 88%) (5) .
Cluster results were distributed weekly to local health protection teams through an electronic system which linked epidemiologic and molecular data to facilitate cluster review and, where necessary, investigation (10) . This process led to detection of transmission settings in which public health action, such as enhanced screening or awareness raising, could be conducted. This identified additional individuals with active disease or latent infection, ensuring early diagnosis of these cases and preventing further onward transmission. However, because of the low discriminatory power of MIRU-VNTR, clustered patients could also reflect common endemic strains circulating in the UK or abroad, necessitating additional epidemiologic information to assess the likelihood of recent transmission.
In the UK, where a large proportion of TB cases are probably due to infection acquired abroad, identifying the characteristics of persons who may have transmitted TB to others within the UK, as well as those recently infected in the UK, could identify settings for public health action and enable better targeted policies to interrupt transmission. Additionally, genotyping data are informative for assessing the epidemiology of transmission at a population level.
Our objectives in this study were 1) to assess trends in TB clustering in the UK, using 6 years of available MIRU-VNTR data to identify the proportion of patients in a cluster as a proxy measure for transmission, and 2) to identify populations that may have been involved in recent UK transmission, based on the characteristics of clusters and the individuals in clusters. Identification of such populations will facilitate better targeted cluster investigation and public health action.
METHODS

Study population
From 2010 onward, at least 1 isolate from all culture-confirmed Mycobacterium tuberculosis complex cases was prospectively typed using 24-locus MIRU-VNTR. We included all patients with notifications in the UK between January 1, 2010, and December 31, 2015, for whom at least 23 loci were typed.
Data collection
Notifications of TB cases made to the Enhanced TB Surveillance System in England, Wales, and Northern Ireland and the Enhanced Surveillance of Mycobacterial Infections (ESMI) system in Scotland between 2010 and 2015 were matched (11) to culture-positive results received from various branches of the National Mycobacterium Reference Laboratory. Strain typing and drug susceptibility results were available for culture-positive isolates.
The following information was collected with notification of each patient's case: demographic characteristics (age, sex, place of residence, ethnicity, country of birth), clinical characteristics (site of disease, previous diagnosis), and social risk factors (current or history of imprisonment, drug use, alcohol misuse, or homelessness).
Definitions
A molecular cluster (hereafter referred to as a cluster) was defined as a group of TB cases containing at least 2 patients with isolates with indistinguishable MIRU-VNTR profiles (at least 1 with complete 24-locus MIRU-VNTR and others with at least 23 loci typed) (10) . A clustered patient was defined as a TB patient in a cluster, and a nonclustered patient was defined as a TB patient with a strain type distinguishable from that of all other patients.
Two time periods were used to define patients as being in a cluster: the entire period of 2010-2015, to identify annual proportions of patients who were clustered with any other patient(s) during that time period, and 2-year intervals, where at least 2 cases from a cluster occurred within those 2 years.
For the annual analysis, clusters were defined as new in the year in which the second case occurred. In the 2-year interval analysis, clusters were defined as new when both the first case and the second case occurred within the 2-year period. Clusters were defined as accruing when 2 or more cases (regardless of order; first, second, or subsequent) occurred within the period of interest (annual or 2-year). Within this paper, where year is presented, this is the year of patient notification.
The sizes of clusters were defined as small (<5 patients), medium (5-20 patients), or large (>20 patients).
Lineage was derived from MIRU-VNTR strain type (12) as Euro-American, Central Asian strain (CAS), East African-Indian (EAI), Beijing, Mycobacterium africanum, or Mycobacterium bovis. Large lineage diversity was defined as <50% of all patients having the same lineage, moderate lineage diversity as ≥50% but <80% of all patients having the same lineage, and little lineage diversity as ≥80% of patients having the same lineage.
Data analysis
We calculated the annual proportions of patients in a cluster with other patient(s) between 2010 and 2015 to assess the trend over time. To account for the fact that patients whose TB occurred in earlier years had a longer time to form a cluster with future patients, 2-year intervals were used. The maximum proportion of patients involved in transmission was estimated using the "n -1" method: (number of clustered patients minus number of clusters)/number of patients with a strain type of 23 loci (13) . The significance of trends was assessed using the χ 2 test for trend.
The characteristics of clustered patients were compared with those of nonclustered patients. Univariable logistic regression was performed to identify characteristics associated with being in a cluster, using odds ratios. Any characteristics associated with the outcome at P ≤ 0.2 were included in multivariable analysis. The significance of the main effects was assessed using likelihood ratio testing, with P ≤ 0.05 considered significant. Interactions between biologically and statistically plausible variables in the model were tested using likelihood ratios.
Medium and large TB clusters are of greater public health significance than small ones, as more than 1 transmission event will probably have occurred. We described the characteristics of medium and large clusters using summary statistics and proportions, for all clusters in total and separately for clusters containing only UK-born patients (which are most likely to represent UK transmission), non-UK-born patients, and all other patients (both UK-and non-UK-born patients).
We characterized the proportions of all clustered and nonclustered patients from each lineage by ethnic group for UKborn patients and by the 8 most frequent non-European Union countries of birth and the 2 most frequent European Union countries of birth for non-UK-born patients.
RESULTS
Between 2010 and 2015, 82.3% (23,646/28,741) of cultureconfirmed TB patients had an isolate with a MIRU-VNTR profile typed to at least 23 loci (Figure 1) . Overall, 58.5% (13,844/23,646 ) of these patients were concentrated in 2,701 clusters. There were 12,380 different strains identified. The proportion of patients in a cluster varied by geographical region of the UK (see Web Table 1 , available at https://academic.oup. com/aje) and were closely aligned with regional TB incidence; the lowest proportion was identified in Wales (24.6%) and the highest in London, England (51.5%). Over half (55.1%; 1,487/ 2,701) of clusters were found only within 1 UK region; a much smaller proportion (12.5%; n = 337) of clusters crossed regional boundaries; and the remaining clusters (32.5%; n = 877) were only national clusters with no regional focus (i.e., there were not 2 or more patients within a single region). (Table 1) . Overall, the maximum recent transmission estimate (n − 1) over the 6-year study period was 47%. The annual estimate increased between 2010 and 2013 (range, 27.4%-31.2%) before decreasing to its lowest level (24.9%) in 2014.
Analysis of 2-year periods showed that the proportion of patients in a cluster was highest in 2011-2012 (50.5%) and lowest in 2014-2015 (43.7%) (χ 2 test: P-trend < 0.001). The number of accruing clusters formed within the 2-year periods 
Characteristics of patients in clusters
The proportion of patients in a cluster varied by place of birth: 69.8% (4,202/6,022) of UK-born patients were in a cluster, as compared with 54.7% (9,241/16,894) of non-UK-born patients. Additionally, the proportion of patients in a cluster varied by age: 74.6% (308/413) of those aged ≤14 years, as compared with 47.9% (1,571/3,281) of those aged ≥65 years. Within each age group, a higher proportion of UK-born patients were in a cluster-most notably, 82.0% (191/233) of UK-born patients aged ≤14 years as compared with 63.6% (103/162) of non-UK-born patients aged ≤14 years.
Characteristics associated with being in a cluster
Characteristics associated with being in a cluster were identified in a comparison of 13,844 clustered patients with 9,802 nonclustered patients (Table 2) . In univariable analysis, clustered patients were more likely to be under age 20 years, to be male, to be UK-born (or, if non-UK-born, to have lived in the UK for 6 years or more), to have a previous TB diagnosis, to have a social risk factor, and to have a strain with CAS or Beijing lineage.
The multivariable model adjusted for age, sex, ethnic group, site of disease, social risk factors, previous TB diagnosis, area of residence, having multiple-drug-resistant TB, and strain lineage. Men were more likely to be in a cluster than women (adjusted odds ratio (aOR) = 1.1, 95% confidence interval (CI): 1.0, 1.2). Compared with those aged 20-29 years, patients aged 60-69 years (aOR = 0.8, 95% CI: 0.7, 1.0) and patients aged 70 years or more (aOR = 0.5, 95% CI: 0.5, 0.6) were less likely to be in a cluster. UK-born patients were more likely to be in a cluster, irrespective of ethnic group. Patients with pulmonary disease (smear-positive: aOR = 1.4 (95% CI: 1.3, 1.5); smearnegative/unknown: aOR = 1.3 (95% CI: 1.2, 1.4)) were more likely to be in a cluster than those with extrapulmonary disease only. Additionally, patients with a previous TB diagnosis (aOR = 1.3, 95% CI: 1.1, 1.5), a history of drug misuse (aOR = 1.7, 95% CI: 1.4, 2.1), or a history of imprisonment (aOR = 1.4, 95% CI: 1.1, 1.7) were more likely to be in a cluster. Compared with patients with a strain of Euro-American lineage, patients with a strain of Beijing (aOR = 2.3, 95% CI: 2.0, 2.8) or CAS (aOR = 1.5, 95% CI: 1.4, 1.6) lineage were more likely to be in a cluster, while patients with an EAI lineage were less likely to be (aOR = 0.7, 95% CI: 0.6, 0.7).
We identified an interaction between some ethnic groups and strain lineages. UK-born Pakistani patients with an EAI lineage had lower odds of being in a cluster (odds ratio (OR) = 0.3, 95% CI: 0.1, 0.9), as did non-UK-born Bangladeshi patients with an EAI lineage (OR = 0.4, 95% CI: 0.2, 0.6). UK-born white patients with a CAS lineage had higher odds of being in a cluster (OR = 1.8, 95% CI: 1.2, 2.7), as did non-UK-born black African patients with a CAS lineage (OR = 1.4, 95% CI: 1.1, 1.9). Finally, non-UK-born white patients with a Beijing lineage had increased odds of being in a cluster (OR = 2.8, 95% CI: 1.2, 6.7). The interaction effect estimates corresponded to a further difference in odds, in addition to the main effects presented in Table 2 for ethnicity and lineage.
Characteristics of clusters
The 13,844 clustered patients were concentrated in 2,701 different clusters. The median number of patients in a cluster was 3 (range, 2-242). The majority of clusters (74.3%; 2,008/2,701) Abbreviations: TB, tuberculosis; UK, United Kingdom. a For single years, this is the number of clusters (new or existing) that cases occurring in that year are in, regardless of whether there are any other patients in the same cluster that year. For 2-year intervals, this is the number of clusters in which 2 or more cases occurred within the 2-year period.
b For single years, this is the number of clusters in which the second case forming the cluster occurred in that year. For 2-year intervals, this is the number of clusters in which the first and second cases in the cluster occurred within that 2-year period, forming the cluster. were small (<5 patients) in size; 22.6% (610 clusters) were medium (5-20 patients), and 3.1% (83 clusters) were large (>20 patients). Over half of clusters (51.3%; 1,386/2,701) contained only non-UK-born patients, and 8.3% (224 clusters) contained only UK-born patients ( Figure 1 , Table 3 ). For clusters comprised of only UK-born patients and only non-UK-born patients, the median number of patients in a cluster was 2 (range, 2-12 for UK-born patient clusters and 2-24 for non-UK-born patient clusters). In medium and large clusters, the median age in clusters containing only UK-born patients (210 clusters) was higher (45 years; interquartile range, 39-57) than the median age of patients in all clusters (35 years; interquartile range, 30-43) ( Table 3) . Sixty-eight percent (67.7%; 21 clusters) of such clusters (with only UK-born patients) contained only pulmonary patients, and in 25.8% (8 clusters) more than half of the cluster members had a social risk factor. Conversely, in 4 clusters containing only non-UK-born patients, all had extrapulmonary disease.
Lineage diversity
Where the lineage of the bacteria infecting patients could be determined (87.8% of patients), the most frequent lineages were Euro-American (45.3%; 9,412 patients) and CAS (30.6%; 6,362 patients) strains, with fewer EAI (15.8%; 3,279 patients) and Beijing (6.5%; 1,356 patients) strains and very small numbers of M. africanum (1.0%; 208 patients) or M. bovis (0.7%; 149 patients) strains. The lineage distribution differed between clustered Euro-American lineage was the most frequent lineage in patients from sub-Saharan African countries (Nigeria, 81.7%; Zimbabwe, 83.0%) and Eastern European countries (Romania, 98.9%; Poland, 97.4%). The CAS lineage was the most frequent in patients from Pakistan (73.2%) and India (51.4%), while the EAI lineage was most frequent in patients from the Philippines (93.6%) and Bangladesh (62.8%). The majority of UK-born patients had cases with Euro-American lineage (67.8%); however, lineage varied by ethnic group: Pakistani and Indian patients had a high proportion of CAS strains (52.6% and 42.0%, respectively), similar to patients born in those countries (Pakistan, 65.1%; India, 45.8%).
The proportion of patients with TB strains from each lineage differed between clustered and nonclustered patients (Web Figure 1) , particularly among countries of birth that showed large (Somalia and Nepal) or moderate (India, Pakistan, Bangladesh, and the UK) lineage diversity. This was particularly evident in patients from Bangladesh with a Euro-American lineage (31.2% clustered vs. 13.2% nonclustered) and an EAI lineage (39.7% clustered vs. 75.3% nonclustered), patients from Somalia with a CAS lineage (36.1% clustered vs. 20.2% nonclustered), and patients from Nepal with an EAI lineage (3.5% clustered vs. 24.9% nonclustered). For all countries of birth, other than the Philippines and Nigeria, a higher proportion of clustered patients than nonclustered patients had Beijing and CAS lineages, while fewer clustered patients had an EAI lineage. 
DISCUSSION
In this paper, we report results from a population-based study carried out in the UK using MIRU-VNTR to describe trends and features of possible TB transmission based on the proportion of patients in a cluster over time, as well as the characteristics associated with being in a cluster. We identified decreases in the proportions of patients in clusters and in numbers of new clusters between 2010 and 2015. Annual proportions of patients in a cluster (55.3%-60.7%) and the maximum transmission estimate (47%) identified were higher than findings from other low-incidence countries and previous UK estimates provided for shorter time periods or at a local level (2, 3, 14) . The low discriminatory power of MIRU-VNTR is known to overestimate transmission (15) , since a proportion of patients who are part of a cluster will have TB due to reactivation or importation of common endemic strains.
Although measuring TB transmission at a population level is difficult, combining several pieces of evidence can help us understand trends in population-level transmission over time. The rate of TB in UK-born children, which is used as an indicator of recent transmission, decreased between 2010 and 2015 (5). Additionally, the number of TB notifications and the rate of TB decreased over the same period, with this decrease occurring among both the UK-born and non-UK-born populations (5) . The reduction in the proportion of patients in a cluster, combined with these additional epidemiologic trends, is suggestive of a decrease in TB transmission in the UK during the study period.
Improvements in TB control methods which promote casefinding and contact tracing may have affected transmission, contributing to the decrease in the proportion of patients identified as being in a cluster, or may have increased the number of sporadic (not clustered) cases identified. In addition to the timely screening of contacts and additional settings guided by strain typing (16, 17) , interventions include "find and treat" (18) and cohort review, which includes presentation of and accountability for the number of contacts identified and screened (19) . It is also possible that part of the decrease in the proportions of patients in clusters is due not to changes in transmission but to a reduction in the number of non-UK-born TB patients in the UK, particularly recent migrants (5), because of preentry screening and latent TB infection screening (20) (21) (22) . With fewer non-UK-born patients, the reduction in clustering among these patients may have led to fewer introductions of common strains into the UK.
Our study identified the following characteristics associated with being a clustered patient: being UK-born, being non-UK-born of black ethnicity, current or past drug misuse, and current or past imprisonment. Note that these are the characteristics of patients in clusters; therefore, they include persons who may have transmitted TB as well as those to whom TB may have been transmitted.
People who misuse drugs may be less likely to seek health care or may be more likely to have a negative health-care experience, contributing to increased transmission within this population (23) (24) (25) . Additionally, they may be less willing to name contacts due to the illegal nature of their activities or may have complex social networks, resulting in missed opportunities for contact tracing. Imprisonment is a risk factor associated with TB in both the UK, with sporadic transmission previously reported (26, 27) , and globally (28) . Imprisonment reported here included current or past imprisonment in the UK or abroad; therefore, the identification of an association between clustering and imprisonment resulted from historical circulation of strains in prisons in addition to recent transmission.
UK-born black Caribbean and black African and non-UKborn black Caribbean patients were most likely to be in a cluster, while the Bangladeshi patients were more likely to have a unique strain. The reasons for these observed differences between ethnic groups are unknown but could include socioeconomic and/or behavioral differences, including engagement with health services. Nevertheless, our findings suggest that transmission dynamics within these ethnic groups, as well as among those with social risk factors, should be considered during the prioritization of cluster investigation and the targeting of resources for public health action. This may include the use of enhanced data collection to identify behaviors and settings that may be associated with increased transmission risk (16, 29) .
The patient and cluster characteristics we identified suggest that recent transmission is less likely to have occurred among non-UK-born patients, particularly those in clusters containing only non-UK-born individuals. Many of these clusters probably represent reactivation of common endemic strain types circulating abroad. Similar findings have been identified elsewhere (15) . However, transmission does still occur among non-UKborn individuals in the UK; this maybe particularly true in urban areas (16) and in specific migrant populations (30) .
The lineage of M. tuberculosis complex strains isolated from patients differed by country of birth and largely corresponded to the strains that were predominant in their countries of origin (31, 32) . This provides additional evidence that a large proportion of TB in the UK is imported, due to either arrival of patients with active disease or subsequent reactivation of latent infection. Among UK-born patients, lineage differed by ethnic group and often closely resembled that in the countries of origin of previous generations of migrants (i.e., parents or grandparents). This could be due to acquisition of infection after receiving visitors from, or traveling to, the family's country of origin. Additionally, for both UK-born and non-UK-born populations, household or community interaction with persons from the country of origin may occur (16, 33, 34) . CAS and Beijing lineage strains were more frequent among clustered patients, while the EAI lineage was more frequent in those with a unique strain. These findings suggest that lineage may play a role in transmission dynamics. However, in analysis of household transmission in the UK, where patients are molecularly and epidemiologically linked, associations between lineage and clustering were not identified (33) . It is also possible that our results were due to differences in the ability of MIRU-VNTR typing to distinguish between strains of different lineages.
Whole-genome sequencing analysis identifies single nucleotide polymorphism differences between isolates, a more discriminatory measure of relatedness than that yielded by MIRU-VNTR (35) . In 2017, the UK replaced MIRU-VNTR with whole-genome sequencing to determine relatedness between TB isolates. This will bring many benefits, including refined estimates of the level of transmission and more accurate identification of the characteristics of persons transmitting TB. However, only data collected over several years enables investigation of trends and risk groups. Therefore, the findings from this study using MIRU-VNTR data, particularly trends in clustering over time, are helpful in evaluating recent TB control efforts and in targeting further TB control efforts, including enhanced contact tracing, which can later be refined on the basis of whole-genome sequencing results. Systematic collection of epidemiologic links between patients will also facilitate the identification of transmission settings in the UK (16, 33, 34) and could additionally refine the estimation of transmission rates within settings (33) . Developing and applying more sophisticated methods for estimating transmission beyond those utilized here, thereby refining the estimates provided by our current analysis to account for reactivation, super-spreaders, and the plausibility of transmission, including temporal and spatial analysis, would be beneficial. Such methods have been used in the United States (4, 8, 36, 37) and locally in the UK (38) , resulting in refined transmission estimates.
Our study benefited from having a large national data set spanning a period of 6 years in which prospective routine strain typing was performed. It will take several years of continuous use of whole-genome sequencing before such trends in transmission can be measured again. In addition, high-quality data on demographic factors, clinical characteristics, and social risk factors were collected for the TB patients. However, our study also had several limitations, as we have acknowledged throughout this Discussion where relevant. Additionally, between 2010 and 2015, only 61% of TB cases in the UK were cultureconfirmed, although this proportion was higher (72%) among pulmonary patients (5). Among culture-confirmed cases, a small proportion were not typed (2.4%) or typed to 23 loci (15.3%).
In conclusion, our findings suggest that TB transmission in the UK decreased between 2010 and 2015, during which time TB incidence in the UK also decreased. Our results emphasize the need for TB control efforts for reducing transmission to be targeted toward UK-born populations, particularly persons belonging to black Caribbean and black African ethnic groups, and those with social risk factors. While we were not able to determine why transmission may be more frequent in these groups, additional research should be conducted to investigate this in order to further tailor public health interventions.
